A key strategy for attenuating the development of antimicrobial resistance (AMR) is ensuring judicious use of antimicrobials in human and veterinary medicine and in agriculture. Research on AMR in agriculture includes risk assessment, risk management, and identifying the role of agricultural practices in development of AMR. Risk assessment includes an impact assessment of antimicrobial use in livestock and on the environment; for example, many antimicrobials are excreted unchanged and thus reach the environment through manure application. This creates the potential for AMR transmission through the food processing chain and into agro-ecosystems receiving the agricultural waste. Risk management includes the assessment of cost-effective methods to keep animals healthy without the need for antimicrobial use, such as the use of vaccines, nutritional supplements and pre-, pro-or synbiotics and of waste management strategies to avoid AMR transmission. Currently, there is an important gap in understanding the degree of human exposure to AMR that is generated through agriculture, the burden of illness of AMR pathogens in human populations and the relationship between exposure and burden of illness. It is important that research on the agricultural, environmental and human medicine dimensions of AMR not be undertaken in silos, which is why the United Nations and countries around the world are working together within the One Health Framework that considers the inter-relatedness of humans, animals and the environment. 
Introduction
Antimicrobial resistance (AMR) is a seminally important global public health concern and will evolve into a global public health catastrophe should predictions of pandrug resistance come to pass (1) . In response to this threat, national governments, including Canada's, are developing and implementing AMR national action plans. These plans generally have four pillars: surveillance; infection control; stewardship; and innovation. Activities on these four pillars are best undertaken within the One Health Framework, recognizing the continuum between humans, animals and the environment.
Context
A key strategy for attenuating the development of AMR is ensuring judicious antimicrobial use in human medicine, veterinary medicine and agriculture. With respect to agriculture, the level of use of specific antimicrobials is highly correlated with resistance to those antimicrobials observed in generic Escherichia coli isolated from cattle, swine or poultry (2) . This type of evidence clearly indicates the importance of reducing the agricultural use of antimicrobial agents, with the anticipated outcome being a reduction in the burden of bacteria that carry genes conferring AMR into the food animal production systems (3) . This should reduce human exposure to pathogens (e.g., salmonella), which have acquired AMR in the food production system and to commensal bacteria, which carry AMR genes and have the potential to be mobilized into pathogens in the digestive tracts of humans.
A number of developments are underway that will result in a reduction in the use of antimicrobials in food animal production. Market pressure is driving reduced antimicrobial use; for example, consumer demand for "antibiotic-free" chicken and beef. Regulations on drug sale and use are becoming more stringent; for example, enhancement of veterinary supervision of antimicrobial use and removing the claims of the use of medically important antimicrobials for the purposes of growth promotion in food animals. Reducing antimicrobial use in food animal production represents a challenge for producers who rely on these agents to help keep their animals healthy. The specific health problems that may accompany a reduction in antimicrobial use and the desirable and effective alternative solutions to the use of antimicrobials will vary according to the commodity (i.e., poultry, swine, dairy or beef). Overall, changes in agricultural practices and the effective deployment of technologies that ensure continued animal health and wellness, quality and safety of the food products, food security and the economic prosperity of producers are foundational for a reduction in antimicrobial use in agriculture.
Agriculture and Agri-Food Canada (AAFC) is unique amongst the Canadian federal science-based departments and agencies as it has the mandate, expertise and infrastructure required to undertake research on all the major food animal and crop production systems. Research is undertaken in support of the overall Canadian agriculture and agri-food system, which accounts for 6.6% of the national gross domestic product and employs one in eight Canadians. For many years, AAFC's Science and Technology Branch has undertaken research on AMR in agriculture. AAFC research centres in Sherbrooke, Guelph, London, Lethbridge, Lacombe and Summerland, in particular, have active programs on dairy, swine, poultry, beef and environmental aspects of AMR.
This article provides an overview of the research being done by AAFC within three broad areas; risk assessment; risk management; and the elucidation of animal agriculture's role in AMR development and transmission and the need for international collaboration within the One Health Framework. Within the scope of this article, an antimicrobial agent is defined as a medicine that is specifically used to treat or prevent a bacterial infection, and not viral, fungal or protozoal infection.
Research on AMR and agriculture

Risk assessment
Risk assessment of AMR within the agricultural context examines the relationship between antimicrobial use and the likelihood of development of AMR in the agricultural production system. The experimental approach often compares the impact of varying antimicrobial use on the AMR burden in the gut microbiome of animals (4, 5) . The fate of antimicrobial-resistant bacteria through the food processing chain is a key component of human exposure to these bacteria through food consumption (6) . Many antimicrobial agents are excreted unchanged and thus reach the environment through manure application. Crops, including fresh produce grown in manure-fertilized ground, represent a potential route of exposure to humans or foraging animals. The ecology of antimicrobial-resistant enteric bacteria in crop production systems fertilized with manure is being investigated to assess the potential increase in AMR burden on crops at harvest (7, 8) . The fate of antimicrobials in soil and their potential impacts on soil microorganisms is of interest (9, 10) . Overall, the objective is to understand the dynamics of AMR development in animal and crop production systems and the potential transmission through the food processing chain into agroecosystems receiving the agricultural waste. This information can then be used to inform quantitative models that explore associations between use and resistance, quantitative human AMR microbial risk assessments and better management practices (BMPs) that reduce human exposure to antimicrobial-resistant bacteria.
Risk management
Risk management is defined here as the implementation of production practices that reduce the need for antimicrobial use, while maintaining or improving the production system's performance. The objective is to implement cost-effective methods to keep animals healthy and reduce the need for prophylactic or therapeutic use of antimicrobials (11) . Options available could include vaccines, nutritional supplements, pre-, pro-or synbiotics, breeding more robust animals and improved barn design in confined production systems. Potentially the microbiomes of young animals could be optimized through inoculation (similar to fecal transplantation in humans) or through nutritional interventions that mimic the impact of growth-promoting antimicrobials on the animals. Innovations in technology and husbandry that are efficacious and cost-effective will vary according to the commodity.
An additional risk management strategy is to reduce environmental exposure to antimicrobial-resistant bacteria and antimicrobial residues that are excreted by farm animals. In some confined production practices, manure can be managed to reduce the burden of AMR prior to land application through digestion or composting (12) . Fundamental and translational research in this domain has rich potential to develop and validate means of reducing agricultural antimicrobial use and thus human exposure to AMR throughout the food chain or the various environments impacted by agricultural waste.
Relative significance of agriculture in development of AMR Determining the significance of agricultural antimicrobial use relative to other potential areas for the development and transmission of AMR to humans within the One Health Framework is a daunting task. With respect to waterborne transmission, ascribing enteric pollution from livestock vs. people in a landscape with significant populations of both human and livestock is a challenge (13, 14) . Surveillance programs (e.g., Canadian Integrated Program for Antimicrobial Resistance or CIPARS) and various research initiatives have now generated a wealth of information on the burden of AMR in foods and in environments impacted by food animal production; however, surveillance data does not generally capture information pertaining to what happens to people once they have been exposed to antimicrobial-resistant bacteria. Hence, there is a critical gap in understanding the relationship between human exposure to AMR generated through agriculture and the overall burden of AMR pathogens in human populations. The development of methods to produce such evidence (e.g., a robust human health risk assessment) (15) would be critical to understanding the relative potential benefits of a reduction in antimicrobial use in agricultural vs. a reduction of antimicrobial use in human medicine for mitigating AMR in human pathogens.
One Health Framework
Bacteria readily circulate between people, animals and the environment. It is, therefore, important that research concerning the agricultural, environmental and human medicine dimensions of AMR not be undertaken in silos (3). As such, AAFC's research program on AMR is highly collaborative. AAFC's Science and Technology Branch overtly solicits advice from the agricultural industry and regulatory stakeholders (e.g., Veterinary Drugs Directorate of Health Canada) with respect to establishing responsible and impactful priorities for AMR research. In addition, AAFC collaborates extensively with national and international academic colleagues and with the other federal science-based departments and agencies with a stake in AMR. The Genomics Research and Development Initiative interdepartmental project on AMR (GRDI-AMR) is an excellent example of how the expertise and resources of all relevant science-based departments and agencies (AAFC, Public Health OVERVIEW Agency of Canada, Canadian Food Inspection Agency, Health Canada and the National Research Council) can be leveraged for a common cause (16) . The GRDI-AMR project has two overriding goals. The first goal is to gain understanding of the key activities that contribute to development of AMR in food production systems and of important exposure pathways by which AMR bacteria reach humans. This information will identify critical intervention points for mitigation. The second goal is to validate economically-sustainable technologies, practices and policies to mitigate AMR development in food production systems. This information will inform how best to manage the critical intervention points. Finally, recent position statements from the World Health Organization, the World Organisation for Animal Health and the United Nations have endorsed the One Health Framework, and these statements were recently articulated in the Pan-Canadian Framework for Action on AMR (17) .
Conclusion
Antimicrobial resistance is a seminally important contemporary public health challenge. We need to use antimicrobials more judiciously and responsibly in food animal production to minimize selection for resistance and the subsequent risk of resistance transmission to humans via the food chain or the environment. The role of AAFC within the Pan-Canadian Framework for Action on AMR and antimicrobial use is to contribute to the development of innovative animal production and waste management strategies to reduce AMR in the food production system, while maintaining productivity and profitability, animal welfare, food safety and security and environmental quality. In partnership with external collaborators and stakeholders, research undertaken by AAFC will help provide Canadian farmers the tools they need to meet this challenge.
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